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« Some basics
« Simulation tools
 Case studies to illuminate some issues
— Top at the Tevatron
— Single top at the Tevatron
* Including a digression on multivariate techniques
— Top at UA1
« Analysis “after discovery”
« Systematic errors
« Conclusions
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@ CLRC Basics

Rutherford Appleton Laboratory

 Hadron Colliders — especially those that allow access to a new energy
regime — are machines for discovery

— In the case of the TeV scale, this is reinforced by the fact that the
known SM forces and particles violate unitarity at around 1 TeV:
there must be something new (if only a SM Higgs)

 Discovery means producing convincing evidence of something new

* In most of our models this means the production of new particles
— (though this need not be the only way)

« Goals of analysis in this case: produce this evidence

— Separation of a signal from the backgrounds Today
— Show that the probability of this signal arising from known sources is
small

 Demonstrate that the backgrounds are understood

- Statistics and systematics
y Much more from Louis Lyons tomorrow

John Womersley
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% -CLRC _ Access to the data: typical setup

Raw data
! Centrally managed reconstruction — batch-like, only once if possible
Reconstructed data
! skimming - copying subsets of data
Skim dataset
! compress, possibly after re-reconstruction
Analysis dataset(s)

This is what you work on

Should be

—  small enough for rapid turnaround

— large enough to enable background estimation

—  have clear parentage (so luminosity, trigger efficiency well defined)
— use standard definitions of objects unless a very good reason not to

John Womersley
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@ Ruthegrd hpli}ngoratory S i m u I ati o n

* In order to convince the world that you have produced something new, or
to set limits on a proposed model, you need to understand

— What the standard model processes we already know about would
look like in your detector

— How your detector would respond to the proposed model
(and thus that non-observance of a signal is significant)
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’_’@_/ CLRC Simulating hadron-hadron collisions

_J Rutherford Appleton Laboratory

Photon, W, Z etc.

parton
distribution

Underlying
event

Hard scattering

parton
distribution

fragmentation

« Complicated by
— parton distributions — a hadron collider
is really a broad-band quark and gluon
collider
— both the initial and final states can be
colored and can radiate gluons

— underlying event from proton remnants

Jet

John Womersley



@J/ Ruthegrd hpl&mgomtoq S i m u I ati O n

A “Monte Carlo” is a Fortran or C++ program that
generates events

Events vary from one to the next (random

numbers) — expect to reproduce both the average

behavior and fluctuations of real data
Event Generators may be
— parton level:
« Parton Distribution functions
« Hard interaction matrix element
— and may also handle:
 Initial state radiation
* Final state radiation
* Underlying event
« Hadronization and decays
Separate programs for Detector Simulation
— GEANT is by far the most commonly used

tools

=

=

= calgrimetex, jet

particle jet

aui[

parton je

g D

John Womersley




£, CCLRC . Things to remember — 1

 Event generators
— May or may not generate additional jets through parton showering
— May or may not treat spins properly (should you care?)
— May or may not get the cross section right
* NLO much better than LO — but sometimes no choice

* Be careful over things like

— You can’t necessarily just add (for example) a W+1 jet simulation and
W+2 jets and W+3 jets to model a W + n jet signal. Likely to be double
counting.

— You can’t necessarily just run a W+1 jet simulation and generate the
extra jets through parton showering either...

John Womersley
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:4 CLRC Things to remember — 2

ppleton Laboratory

e Detector simulation

— Your detector simulation is only as good as the geometrical modeling
of the detector

« Are all the cables and support structures in place?
« Example of D@ silicon detector

— While EM showers can be modeled very well (limited by the above)
hadronic shower simulation is acknowledged to be an imperfect art

— Short time structure in current detectors adds another dimension

* Nuclear de-excitations, drift of charge in argon can be slower than
bunch crossing time

* In general
— You can probably get the average behavior right
— Don’t blindly trust tails of distributions or rare processes
 random numbers may not populate them fully
« modelling not verified at this level

— e.g. | would be wary of an MC estimate of the probability for a jet
to be reconstructed as a photon —a 10-3 or 10 probability

John Womersley
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@ CLRC Example: b-tagging

Rutherford Appleton Laboratory

 To correctly simulate the b-tagging efficiency of
the detector requires proper modelling of

— Alignment of the silicon tracking detector

Scale Factor

o --Data
— Processes of charge deposition C o againg Efciency ~MC
— The nature and amount of material in the E |
tracking volume _ +—+=——_+_
« Can use e*e" conversions -
— Pattern recognition e
— Track-finding efficiencies O B R
Electron Jet E; (GeV)
7 Indf 540177
18 Prob 0.6477
p0 0.8832+ 0.02639

« Better to determine efficiencies from data

— calibration data must be collected at
appropriate E; and
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In the end: “Monte Carlo scale factors”
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=, CCLRC Simulation: bottom line

 Don’t think of your simulations so much as predictive tools but as
multidimensional parameterisations of your knowledge of the detector and

SM processes

 Like any parameterisation, you have no real right to use it without having
verified that it works in the region of phase space that you care about

John Womersley







@ How can we extract a signal for top?

uthe ord A ppleton Laboratory

Properties of top are predicted by theory, in this case the SM, except for
its mass (just like the Higgs ©)

— but even before discovery we had a good idea of the top mass, from
limits set by earlier negative searches and from EW fits
(just like the Higgs ©)

* Production cross section
— Colored particle — expect relatively high cross section
— Pair production turns out to be the dominant mode qq — tt
— QCD, color octet, spin %: — 5 - 10 pb in pp

« Decay mode
— In SM, weak decay
— CKM matrix elements constrained by unitarity
— ~100% to t > Wb — known decay modes of W

* Massive object — high p; decay products

John Womersley
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@ CCLRC tt final states

« Standard Model: t > Wb dominates

[ tau+X

[ mutjets

[] etiets

Jj ete

[ e+mu

[[] mu+mu

[ all hadronic

30% elu+jets
5% eeleu/pp
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Cross section (barns) \&&

Cross sections for high p; jets

Cross sections for high p;
leptons

Rutherford Applingoratory Le pto n s I g n atu res
1
Total inelastic
162
- mb
i} _
10 bb 6x10°
1.4 x 10°
168 L ub Jets > 30 GeV 8 5
-l > 50 GeV 14 x 10
W
108 4000
b = 400
16'°

tt
-12 @

10-_13\

14

-fb
16

10966720 140 160 180 200
Higgs mass (GeV)/c?

102 - 103 times more high p;
jets than high p; leptons

10 Higgs (zH + WH) ||N.,,, /Top
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@ CCLRC Final state signatures

Rutherford Appleton Laboratory
The best bet seems to focus on the following two modes:

« “Lepton + jets”
— One W decays leptonically
— High p; lepton, two b-jets and two light quark jets + missing E;
« Good balance between signal and background

“Dilepton”
— Both W’s decay leptonically
— Two high p; leptons, two b-jets + missing E;
* Only 1/6 of the signal rate but much lower backgrounds

John Womersley
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How to catch a Top quark
B ciecczy@

& Primary vertes

Primary vertex (=)

& B decay




& ccLrC So...

Rutherford Appleton Laboratory

« This kind of signature requires an excellent understanding of the whole
detector

— Triggering, tracking, b-tags, electrons, muons, jets, missing E;
— Performance must be understood and modelled

« and of the likely backgrounds

John Womersley
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@ CLRC Lepton + jets

Rutherford Appleton Laboratory

* Require isolated lepton + ME + jets
— Dominant backgrounds will then be W+jets processes

« There are 4 quarks in the tt partonic final state. Require 4 jets?

* # partons = # jets!

— Get more jets from
« gluon radiation from initial or final state

— Get fewer jets from
« Overlaps (merged by reconstruction)
 Inefficiencies or cracks in the detector
+ Jets falling outside acceptance in
+ Jets falling below p; cut

John Womersley



How to catch a Top quark
B ciecczy@
@"'-ﬁﬁmry vertex

Another jet -
presumably
gluon radiation

Primary vertex (=)

& B decay




’_’@/ CLRC How many b-tags?

_J Rutherford Appleton Laboratory

« Since typical b tagging efficiency ~ 0.5,
then for a final state with two b jets

— Prob(2 tags) ~ 0.25
— Prob(>1 tag) ~ 0.75

 Best number to ask for depends on
signal:background and nature of
background

— is it dominated by real b’s or not?

— |If the signal has two real b jets, and 031G
so does the main background, then
there is little to gain from asking for a
second b-tag
* In the top sample, requiring > 1 tag is
good
« But want to look at > 0 and > 2 tags as
well, to check that all behaves as we
expect given the signal and background
composition we estimate

o
-]

35<E;<55GeV JLIP p14
[n<1.2

e
~

o
)]

b-tag efficiency

o
o

‘ —-— +_ systematic error I

0.4

Efficiency ~ 55%
for mistag rate ~ 1%

0.2

0.1

e b v e b v e by
0.005 0.01 0.015 0.02 0.025

light-jet mistag rate

aO
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@ CLRC Lepton + jets signals

Rutherford Appleton Laboratory

D@ Run Il Preliminary D@ Run Il Preliminary

events
[ ]
[=]
(=]
=
1

n&.ofta'gged
o w
o o
III|IIII IIII|III
) Ilif

W ‘W+ight
H ‘Wc
Wece
Whb
W itbar —1I
WY
B Z=-nu
[ Single Top

__. tthar — ljiets

no. of tagged events
.
=
T

(=]
=
I

P
=
I

-
=
I

3 — 4 —
jet multiplicity

w
[=]

Analysis with 2 tags

o

3 4
jet multiplicity

S Njets = 3, 4 _, Combine results (including
Control region (little signal) Signal region correlations) to get best
Verify background modelling: estimate of cross section

tagging efficiencies from data
b:c:light q ratio from MC

John Womersley
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@ R RC Dileptons

utherford Appleton Laboratory

180 : CDF Run Il preliminary (750 pb'1)

X —a— Data
160 [ 2NN Bkgd + o uncertainty
[ Jtic=83pb) ]
140 | O wwiwz ]
: o :
120 - B e y Signal selection

Events

-

0 jet 1Jet >2jet HT>200+0OS
Jet Multiplicity after Z veto, MET > 25 GeV and L-cut
* Note non-negligible contribution from fake (misreconstructed) leptons
— Recall that # jets/# leptons ~ 103
— So unless Prob(jet — reconstucted lepton) << 10-3, cannot be ignored
« Fake muons from calorimeter punchthrough
« Fake electrons from jet —» leading n° + track overlap

John Womersley



@ R C Feeling lucky, punk?

Rutherford Appleton Laboratory

Then we’ll look for top — all jets

John Womersley
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‘f@ CCLRC . Top — jets

« Six jets final state with two b-jets
 Decay of massive objects: tend to be central, spherical, acoplanar events
Only leading order QCD calculation for pp — 6 jets: use data for bkg

> gof- ey > F -
2 7| D@ Run Il Preliminary (360 pb’ & 1g- DO Run Il Preliminary (360 pb")
% 70— * D@ Data Candidates 9@ __ * D@ Data Candidates
E - [[] D@ Data Untagged Multi-Jet Events .E 16_ [] D@ Data pintagged Multi-Jet Events
£ o d £ tight
.Q — 13 . " _ﬂ - (1 ”
2 [ me |gm 2 1of I ig |
T selection on 8 ! selection on
401 topological 1[Qf topological
- variables 3 variables
L tighten cuts
20
10 5
% 50 100 150 200 250 300 350 400 450 500 % 50 100 150 200 250 300 350 400 450 500

bjj Mass (GeV) bjj Mass (GeV)

 Impressive to see a signal but not (yet) in itself a discovery mode
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= CCLRC

\KK




=

‘_@ CLRC Single Top production

_J Rutherford Appleton Laboratory

 Probes the electroweak properties of top and measures CKM matrix
element |V,,|

« Good place to look for new physics connected with top
 Desirable to separate s and t-channel production modes:

t-channel
q q
q s-channel t
- / .
- Vi, ;
Vi v
q' b
g b

The s-channel mode is sensitive to charged resonances.
The t-channel mode is more sensitive to FCNCs and new interactions.

— Expected cross section is about 1 pb (s-channel) and 2 pb (t-channel)

John Womersley



@ CCLRC Backgrounds

Rutherford Appleton Laboratory

« Final state is Wbb — lepton + ME; + two b-jets
- Signal to background much worse than for tt

— Basic reason:
tt is a “W+4 jet” signal
single top is a “W+2 jet” signal

(W—ev) + 2njets CDF Run Il Preliminary
;‘ T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | g
& 10 LFit * CDF Data _[dL: nOpb’
E-.'_ 2"“jetm"'.1ﬂ W kin: E:azu[eev];|%‘|£1_1 _§I
~ m WA MY = 20[GeVic']; EL = 30[GeV]
_Factor 25 o 1 Iérﬂ“’]e-t H e Jets:  JetClu R=0.4; |q|<2.0 g
h|gher Cross '8 — "_ I hadron level; no UE eorrection
section 10" _gf"letﬁ R e ~}- LO Alpgen + PYTHIA -
= g 't::h == Total o normalized to Data =
102 ? = —
5 — = =
1u_3 =? —— X I ?z
- _ ' f 7
10 e =
10° L _
E | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | E
W) 50 100 150 200 250 300 350

Jet Transverse Energy [GeV]
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& ccLRe 1998...

herford Appleton Laboratory

hep-ph/9807340
July 1998

* hep-ph/9807340

Single-top-quark production at hadron colliders

T. Stelzer, Z. Sullivan and S. Willenbrock

Department of Physics
University of Illinois
1110 West Green Street
Urbana, IL 61801

1.8 1 ]I 1 1 I T 1 1 1 I 1 1 T T
S |
1.6 - r:r " Tevatron
- LIJ -
14 i
% 1.2 _||'| I“yrAll W37 modes —
.- ! H -
“*Cil 0 | I”LL‘I _
< | | i
=08 |- " th .
= - .

T

: 0.6 -
« Signal: background ~ 1 R 1
. . ” 0.4 y _
- “Bg signal in 500 pb- I A
0.2 e ;1..1_‘_r|r-|.J1|L1L,_I_,,Ji L,‘,._;:L" 1F'11]J[Ulr.,_,_,, _]
AR

0.0 -
100 150 200 250
M (GeV)
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& ccLre 2005...

Rutherford Appleton Laboratory

 Real life o CDF Run Il Preliminary
E U T T Entries 42
signal:background ~ 0.1 i pb
in this example E 7 —— Data
L B single top
s I if
[] non-top

o
'|'|'I‘I'I'|‘|||||||||||||||||||||||||||||_l|llll_

a3y ]

)

umu 180 200 250 300 350 400

450
H, [GeV]

What happened?
— Reality is not a parton level simulation — lose signal
— Real b-tagging (lower efficiency at lower py)
— Real jet resolutions (jets not partons) and missing E; resolution

- Life’s a bitch. And it’s almost always worse than your TDR.

John Womersley
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Never fear — help is at hand

John Womersley




=, CCLRC Neural Networks

Appleton Laboratory

- “Artificial” (i.e. software) Neural Network

Output variable
Oto1
(discriminant)

Input variables

It First Second Chatpnat
Lawer Hidden Hidden Lawer
Lawer Lawer

(optional)

« Algorithm is stored as weights in the links

* Network is trained with samples of “signal” and “background(s)”
— Samples repeatedly presented to the network
— Outcome compared with desired
— Link strengths adjusted

John Womersley



@R CLRC

utherford Appleton Laboratory

 What you get out (example)

- <+ D@ 230pb™ (a)
- =:s-channel (x10)

LI

EIW+jets

- B Multijet /

Signal-like

Events/0.1
[oe]
o

Background-like

1

tb-tt NN output
« Advantages

— Develops non-linear selection criteria on combinations of variables

— A way to discriminate between S & B when you have many, correlated
variables none of which individually show a clear separation

 Disadvantages

— Often seen as something of a black box

— Only as good as your “training” samples For single top, gave a factor
. reliance on simulations? of 2 better sensitivity than
) the cut-based analysis

John Womersley



’_@ cCLRrRC  Other multivariate techniques

« Likelihood Discriminants
— Less of a “black box”

P, (x
L (.X) _ signal ( )
Ijsignal (‘x) + Ijbackground (’x )

D@ Run Il Preliminary, 370 pb™

- 40
& —— t-channel (x10)
Background-like |§ S LG el
@ I : :
W+ijets, WW, WZ Signal-like

15

I Multijet
—— Data i /
y

00 01 02 03 04 05 06 07 08 09 1
Double tag tt/s-channel Likelihood fliter

10

— For single top, analysis using 4 likelihood discriminants has
comparable sensitivity to NN analysis

John Womersley




@R CLRC

utherford Appleton Laboratory

* Decision trees
— Rather new in high energy physics — miniBooNE is using
— Some attractive features (again, “not a black box”)

Split data recursively until a
stopping criterion is reached
(e.g. purity, too few events)

All events end up in either a
“signal” or a “background” leaf

7/1 2/9

“boosted” and “bagged” decision trees

« Many more: Support vector machines, Bayesian NN, genetic algorithms,...
— http:/lwww.pa.msu.edu/people/linnemann/stat_resources.htmi

John Womersley



::// Rutherford Appleton .La.boratory B ac k to s i n g Ie to p

 Not yet able to see SM rate, but starting to disfavor some models

CDF 11 695 pb"I Preliminary

P— 4_
£ = ® CDF Il data
o —
I 3'55_ 95% C.L.
2.5F m  Standard Model
2F-
= ke—
1.5;_ /
E
0.5k
U.;IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 05 1 15 2 25 3 35 4

Gy.cn PP]

A few inverse femtobarns for discovery

— Top-pion (m =250 GeV)

NN analysis

Top-flavor (rr&=1 TeV)
Ztc FCNC (gzm=gz)
4th family (Vts=0.5)

B > o

PRD63, 014018 (2001)
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Nature, July 1984

LATURE NOL 310 13 JULY 158

NEWSANDVIEWS

CERN comes out again on top

With the discovery of the electroweak bosons (W= and 7°) in the bag, CERN now announces the
discovery of the quark cafled top. What will come nexr?

THE Matthew principle — *“to him that
hath shall be given"' = ks working in favour
of CERN, the Eurcpean high-cmergy
physics labosatory at Geneva, and of the
UAl cellaboration which, at the end of last
year, announded the discovery of the Wt
and £* particles which mediate the electro-
weak interaction. Last week, the same
#0-serong collaboration, under the leader-
ship af Carlo Rubbia, announced the dis-
covery of the missing sixth quark, called
fop, long-predicted but hitherto clusive. By
daing so, they have put yet another cap on
the electroweak theory while restoring a
seemly symmetry to the evolving picture of
quarks a5 the elementasy constituents of
the material Universe,

The new development at CERN follows
almeost exactly along the lines expected
{and described, for example, by Dr F.
Close in his comment on the electroweak
bosons, see Nefure 03, 6367 1983). The
source of the sixth quark is a charged
boson, W* or W, first recogrized at
CERN by their decay into an electron {with
electrical charge of the same sign), with
eNCess momentum carried away by a
meutrino. Events of this kind sccumulated
at CERN in the past two years have
confirmed that the mass of the W= part
is that predicted by the electroweak o 5
the equivalent of 82 = 2 GeV, tral
. ns, th§Z°,

T T T
sF
,‘_ =
sk
i §
1] i 1] +1 i
M (GeV 27 0)

Cindrnian of escemerod top guil s,

15 lesd Mrequently peodisced (by o facto\of
about 10) in the proton-antipro
collisions a1 CERM, has p greates mass (10
the tune of an extra 12 GeV) and is chiefly
recagnizable by i decay into a palr of
electrons, positive and negative.

Although the chiel decay path for the
W* Bosons is that by which their existence
was first recognized, it has from the outset
been aceepted that decay sehemes leading
1o the production of quarks should be
recognizable alernatives, Briefly, & W=
particle should be capable of yielding a top
and the antimatter version of a bewom
quark, (W- would then yield anti-og and
anti-baesom, ) For the pass two years, there
hail been general agreement on the way in
which these particles could be recognized,
The borom quark {er anti.quark) would
iself decay into a narrew jer of nuclear
Mmatier — pi-mesons for example. And the
10p quaek, with a greater mass, would first
decay into barrom and then yield arother
Jet of particles, this time less tightly colli-
maled. Since the first evidence for W
pasticles began 1o accumulate at CERM,

People have been wondering whether some |

of the events recorded by UAI were signs of
desay of this kind. Six events have now
been unambigeously identified as the
decay of W into rop and botrom: the mass
of rop, citimated a1 40 GeV, remaing sub-
santially uncertain,

For the time being, however, the proof
that fop exivts is emough 1o be poing on
with, In the simplest ferms, the asymmelry
that has now been removed is that between
the set of known cloctronlike particles and
the et of quarks. For reasons which are
frankly not understood, the natural wosld
contains nod just one malerial lepton, the
eleciron (amd i3 anfi-particle, 1he
positron), but two others, the muan and
the tawon [each with ins oppositely charged
anti-particle). With each of these three lep.
ons i asociated a distinctive neulring,
recognizably different in the mechanisms
by which they interact with matter but, on
present form, not otherwise distinguish-
able — they have no electrical charge and
no mass. Bul rewtrinos are, like elecirons,
tree leptons — they are imvohed symme-

trically lanons
i corking of the weak nuclsar 3
(&3 in beta decay).
T T T
ik
s

+a &0

pairs, and that theve should be as many
pairs of quarks as there ane pairs of lepions,
is more anm act of fakth than a con:
of theeretical expectation. To be sure, if
the world s symmetrical in this way, it is
possible to beild neater theories, more
symmetrical than would otherwise ke the
case. But that ks menely a sign chat, in its
foundations, theoretical physics remains
Pythagorcan.

Phenomenologically, the neced lor

| symmweiry has mevertheless been urgent

since the late 18405, The recognition of the
difference between the plomeson and the
muon first raised the puzrle of the
apparently seperfluous kepton. The dis-
covery {in cosmic rays)ai the same time of a
new kind of hadronic (nuclear) matier,
called stromge bocause that s what it was,
2t the scene for Gillman s radical proposal
that mesons such at the pi-meson, but alwo

qu Id also come in |

the sirerge particles themselves, are pairs
of quarks — the pi-meson is a par called up
and down for example, But nucleons, such
as protons and neatrons, and olher
baryons, arc combinations of three quarks
— bt prosom, for example, is two wp
quarks and one dewn. The partner of
strange, discovered only in 1975, is charm,
Evidence for bodfom, also known as
beanfy, was found in 1977 in the proton-
proton collisions arranged at Fermilab,
wivere a megon whose mass exceeds Lhe
equivalent of 9.4 GeV was surmised 1o be g
bound state of bottor and anti-bosem,

The quark called fop (and also, some-
tieecs, fracth) is thus the missing member of
theseries, Its appearance has been expected
for some time, but ks no less welcome 1o the
<loset-Pythaporeans on that account. What
will, in the shost term, matier more ks that
the steady refinement of the mass now on
the cards should make possible a degree of
certainty about the matwre of some still
disputed hadronic particles and res-
onances. While the electroweak theory
itself has been further confirmed, CERN
and its UA L collaboration have provided a
stringeat test both of theorics of
chramodynamics (theories of the
muclear interaction) and of Grand
Theorics {which weuld roll that
er with the electroweak theory but
wel — with gravitation), Only time
tell wheiher the outcome is any
firmation of some version or another
rpgise — yel another pair of leptons or
quarks, for cxample,

Inevitably, the question will arise in
Britain whether the discovery of the top
quirk al the collaborative high-energy
physics laboratory will bear on the
decision, now delegated 1o a commities
under Sir John Kendrew, on whether
Britain should continue to collaborite, The
arguments mun both ways. The discovery of
fep means that CERN'S list of unattained
achievements has been reduced by one, but
an the same lime the laboratory's repi.
tation for success has boen enhanced. 11 s,
however, valikely that the committee’s
recommendations will be determined by
scalpcounting of this kind, while high-
energy physicists will properly draw
attention o the need, now, for the careful
understanding of the relationships between
the six quarks that will come only from
more carcful measurements of the decay
schemes now recognized, and of the
alternatives still to be found.

John Womersley
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Top at UA1

Associated Production of an isolated, large transverse momentum lepton
(electron or muon) and two jets at the CERN pp Collider

G. Arnison et al., Phys. Lett. 147B, 493 (1984)

Looking for

pp > W
> bt
- blv

Signature is isolated lepton
plus ME; and two jets

— Mass (jlv) should peak at m,
— Mass (jjlv) should peak at my,

\\ET= 23.4 GeV
\\b

John Womersley
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’_@ CLRC What they found

_J Rutherford Appleton Laboratory

6 events observed T — T
0.5 expected UA 1
< o
| s
- FQeie o :
23
{2
- &x£ _'ﬁ - -
&
Il | I L. | — | J 1 —
& 4 2
JW (a young, naive student): EVENTS/SGev/c o, - | .
. . . = W
“This looks pretty convincing!” 3 .l LI
: z W th
i:i ::: E o _m, =b0GeVsE?
My advisor (older and wiser): z L . L
. . ’ 0 20 &0 &0 B0 W0 120 L0 S0 8D
Not necessarily... m Alv,d, ;) Gevsd
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In fact 30-50 GeV is typical for
events just passing the p; cuts

John Womersley




@ CELRC The moral

Rutherford Appleton Laboratory

- If the kinematic cuts tend to make events lie in the region where you
expect the signal, you are really doing a “counting experiment” which
depends on absolute knowledge of backgrounds

»

A

efficiency ' background peak

v
v
v

 UA1 claim was later retracted after analysis of more data and better
understanding of the backgrounds (J/y, Y, bb and cc)

— In fairness, the knowledge of heavy flavor cross sections and the
calculational toolkit available at that time were much less complete

— Final limits from UA2 (UA1): m;> 69 (60) GeV

John Womersley
I ——————————————
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After Discovery...

(thanks to Mark Oreglia)



@ C LIRjE

Rutherford Appleton Laboratory
« Once a new state has been discovered...

« Wantto
— Verify production mechanism (cross section, kinematic distributions)
— Verify decay modes
— Measure mass
— Measure quantum numbers (spin, charge...)

John Womersley
I ——————————————



@ CCLRC Top Cross section measurements

utherford Appleton Laboratory

DJ Run Il Preliminary

T T T | T T T | T T T | T T T | T T T | T T T | T T T
[ cacciari et al. JHEP 0404:068 (2004) Assume m=175 GeVic? P . +3.2 411
Kidonakis.Vogt PRD 68 114014 (2003) CDF Pre|iminary' dlleptgn (topalogical) i 8.6 27 11 pb
‘Dilepton I+jets (topological 7 4 op
o ) /Z 8.3+1.5+1.0+0.5 e pb-(* pological) 3 aqP
- P ' H T +1.2+14
;ezp't?c;ir;+:§'5)s: Klnematlc/ 6.0+0.6+0.9+0.3 zg?plz[?ed (topological) 717, pb
/ f . +23 +1.2
‘Lepton+Jets: Vertex T dilepton (topological) NEW 8.6 pb
Lopton+Jots: Vertex T4 % 8.2+0.6+:0.9+0.5 p—- . UK
' ® - ia l+jets (vertex tag) 8.6 *:f *:; pb
Lepton+Jets: Soft Muon . _ -1.1 -1.
pre % 5.3+3.3+12:0.3 230 pb” H—e—H
l+jets (vertex tag) NEW 8202 00 pb
"MET+Jets: Vertex Tag 1.4 363 pb” F——H T
Al / 6.1:1.2 +)3+0.4 P .
_/ all hadronic 77
“All-hadronic: Vartex-TagV// '8 0_,_.; 7 _,_3.1%_,_0 5 162pb’ ® t 1 ool
_ =T - g - . -
(=t / 22 all hadronic NEW 52 28415y,
. , 350pb’  H————H c
Combined ~ 7.3+0.5+0.6+0.4 i
(L= 780 pbk ) ZZ (stat) + (syst) + (lumi) | Cacciari et al. J‘HEP 0404:068(20[‘)4), m, = ?75 Gert‘:z |
1 1 1 | 1 L 1 | L 1 1 | 1 1 L | 1 L 1 L 1 1 [ 1 1 1 Ll | | | Ll Ll Ll Ll Ll
0 2 1 6 8 10 12 14 0 25 5 75 10 125 15 175

o(pp —> tt) (pb)

o(pp — tt) (pb)
« All channels consistent with each other and with QCD
« Ongoing effort to combine measurements within and among experiments.

John Womersley




(e.g.) X > tt
CDF Run 2 preliminary, L-EB,Eph'1
E:E 501 : —«— CDF data, Nevy=447
® L
o ] w2 g
E 4o I:I ekl
e I [ smie7em
3!]: : - Diboson (NLO}
i Feb 2006 Update
20— Bl 682 pb- £
10[-
1111 e 2 — | i : i | |
00 400 500 600 Tﬂﬂ BOOD 500 1ﬂﬂﬂ 1100 120-!]
M [GeVic]
[ ]

e, NGW particles decaying to top?

Consistent with QCD

a,, - BR(X " 1f) [pb]

One signal might be structure in the tt invariant mass distribution from

CDF Run 2 preliminary, L=682pb™

= Expected limit at 35% C L
| A | Expected limit at 95% CL +1=
Expected limit at 953% C L +20

- Ohbsarvad limit at 85% CL.

m -~ W W
TTTTTTITTTT]TTTTITTT

Leptophobic £, [';=1.2% M,

I. 111 I. 1111 i 1111 i 1111 IIII-I;I. [ T A A s s e |
450 500 550 600 650 700 750 800 850 900
M, [GeV/c?]
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@ CCLRC Mass measurements

- Straightforward for a clean final state with all particles reconstructed:

CDF2 Preliminary
I T L] T i

ha
o

Mass(B_) = 6275.2 +/- 4.3 +/- 2.3 MeV/c?

o
— R

Events per 10 MeV/c?

Ma SS(J/@’:‘;T) Gev/c?

« Harder if there is missing energy involved, multi-step decay chain(s), jets

(jet energy calibration becomes an issue) and combinatorics (which jet
comes from which particle)

— Often the case at LHC, especially for supersymmetry
— Again, top is an example

John Womersley



*_@_/ LR C Extracting the top mass

Rutherford Appleton Laboratory

Two basic techniques

«  “Template method”:
— extract a quantity from each event, e.g. a reconstructed top mass
— find the best fit for the distribution of this quantity to “templates”

« “Matrix element” (or “dynamic likelihood”) method

— Calculate a likelihood distribution from each event as a function of
hypothesised top mass, including SM kinematics, and multiply these
distributions to get the overall likelihood

— The “ideogram method” is a simplified version of this technique

63 events joint likelihood
. CDFRunll Preliminary {318 pb ) -

36/

] After Background Consnderatlon(g 1 events) .

25 173 2+ 2 4 (stat only)- GEVIC

-2In(LL,.,)

- 156 153 1‘}0 172 174 176 178 1§0 1§2 151%
M, [GeVic

John Womersley
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@ CCLRC Jet energy scale

Rutherford Appleton Laboratory

 The jet energy scale is the dominant uncertainty in many measurements of
the top quark.

« CDF and D@ use different approaches to determine the jet energy scale
and uncertainty:

— CDF:
Scale mainly from single particle response (testbeam) + jet
fragmentation model
Cross-checked with photon/Z-jet p; balance

« ~3% uncertainty, further improvements in progress.

— D@:
Scale mainly from photon-jet p; balance.
Cross-checked with closure tests in photon/Z+jet events

* Run Il calibration uncertainty ~ 2%

John Womersley
I ——————————————
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Rutherford Appleton Laboratory

Top mass

 Both experiments are now simultaneously calibrating the jet energy scale
in situ using the W — jj decay within top events

e o
=

Fraction/(5 GeV/c)

e ©o o o
o o o o ©
X [- =2, o

AJES (Ge)
N

M,
B 145 Gevic?
B 155 Gevic?

[[] 185 Gevic?

X' & []205 Gevic?

m[“"(GeWcZ}

JES:

TR v
(b 20 40 60 80 100 120 140 160 180
m”[GeWcz:l

CDF Run Il Preliminary (680 pb )

Aln L=4.5

..
.,
“u

Aln L

) a L
% * AnL=20 .-
) .
* [ i *
o . '
LY
X
S
:
3

165

Al L=0.5™_ \ ]
‘..".‘:-."..-\ ] * .
70 4TS 180 185

M,,, (GeVic')

Combined fit to

top mass

and

shift in overall jet scale
from nominal value

But ...

no information on E; or n
dependence, or on b-jet scale
(these become systematic errors)

CDF lepton + jets
template method

John Womersley




@ CCLRC Top mass status Summer 2006

utherford Appleton Laboratory

http://tevewwg.fnal.gov

Tevatron Run Il Preliminary (July 2006) Most precise measurements
® come from lepton + jets
All-Jets: CDF
(1020 pb™) 174.0+£ 5.2
Dilepton: COF——— 16454 5.6 !Jse of W 9 jets calibration is an
(1030 pb™') I L. important improvement
Dilepton: DO ® 178 1+ 8.3 6
(370 pb”) - 12 0. ] e
. 9 — 0.0%?5&0.00035 n
Le(pégg;;g)ts. COFby ?83-9 +15.8 1\ 3y e 0.02749+0.00012
4 +++ incl. low Q° data .
Lepton+Jets: CDF -
plon el ¢ 1709+25 o o] )
._._. <]
Lepton+Jets: DO |
—o— 1
Tevatron + | _
(Run I/Run 1) 1 :{;fl Oi' 1_0.6%61 1 _
| | | [ | Excluded N\, /-
150 160 170 180 190 200 030 — '16]‘0 . S

Top Quark Mass (GeV/cz)
m, [GeV]

<199 GeV (95% of allowedrange)
<166GeV (95% CL for fit) Jonn Womersey

M, =89°2GeV:; MH{
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‘_@ CLRC How does top decay?

_J Rutherford Appleton Laboratory

* In the SM, top decays almost Lepton+jets and dilepton (~160 pb™)
exclusively to aW and a & y™
b-quark, but in principle it could S 6F osl
decay to other down-type quarks _
too 4: 035 1 75 2 25R
2f- CDF I A
. U_ ) I\\_ _’/’[ .
- Can test by measuring 0.5 1 15 R
R =B(t > b)/B(t - q) R =1.12"7(stat + syst)
« Compare number of double R>0.61@95% (F&C)CL
b-tagged to single b-tagged
ever?tgs 9 99 =257 D@ Run Il Preliminary
a I Lepton+jets (~230 pb™')
20 0.
All consistent with R = 1 (SM) g | R=1.03'7}; (stat + syst)
i.e. 100% top »> b " e R >0.61 @ 95% (Bayes)CL|
2l
X i
o |
5. 95% C.L.
- 68% C.L.

oo Lo b b b b by by by g Ly
0 02040608 1 121416 1.8R2

John Womersley
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Rutherford Appleton Laboratory

If My, <m;— m, then t > H*b competes

witht > W'D

Sizeable B(t— H*b) expected at

— low tanp:

H* —>cs, Wbb dominate

— high tanp : H* - tv dominates =
different effect on cross section "-‘ .........
measurements in various channels. o -

channels

assuming same oy

But still room for substantial

CDF used o, measurements in
dileptons, lepton+jets and lepton+tar  140f

allowed for losses to t— H*b decays
Simultaneous fit to all channels

Top — charged Higgs

o 11=-r. o
.E :: M,_I."=“1 00 GeV :’
—— . H" decays to .
£ O;B E v
o 5
2 : —§
g 4.6 —+t'B

. — W'h°

— WAl

----- BR(t— H'b) i £

s®

¥
¥

»

1N

taniRy

— SM Expected

SMz 1o Expected
p
- CDF Run Il Excluded

] LEP Excluded

—
¥
[=]
e
Theoretically
inaccessible

60

4

B(t > H*b) — as high as 50%? 10 1 tanp 1°

PRL 96, 042003

inaccessible

Theoretically

10°

John Womersley




@J/ St;thegrd Appl&mgoratory To p C h a rg e

« Using 21 double-tagged events, find 17 with convergent kinematic fit

 Apply jet-charge algorithm to the b-tagged jets
— Expect b (q = -1/3) to fragment to a jet with leading negative hadrons,
but b (q = +1/3) to fragment to leading positive hadrons

— Jet charge is a py weighted sum of track charges
— Allows to separate hypothesis of top - W*b from Q - Wb

0 B
T

« Data are consistent with q = £2/3
and exclude q = £4/3 (94%CL)

DO Run Il Preliminary

1 — Q(top)=2e/3
1 Q(top)=4e/3
» Data

iy
[5]]
]

N_tLmeer of Events
o
|

1 1.5 2
Reconstructed Top Charge [e]

John Womersley
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CLRC Spin in Top decays

Rutherford Appleton Laboratory

Because its mass is so large, the
top quark is expected to decay
very rapidly (~ yoctoseconds)

No time to form a top meson

Top —> Wb decay then preserves
the spin information

— reflected in decay angle and
momentum of lepton in the W
rest frame

We find the fraction of RH W’s
to be (95% CL)

F, = 0.08+0.08+0.05 (D)
< 0.09 (CDF)

CDF finds the fraction of
longitudinal W’s to be

Fo= 0.74 +0.22 -0.34
(lepton pyand cos 6* combined)

In the SM, F, ~0and F, ~ 0.7

-1 -08 -06 -04 -0.2

Left-handed

Longit

Right-handed

udinal

v b by T L
-0 02 04 06 038 1

cos 0* cose”
20:— =230 pb!  —® DOdata
: [ Jtiss l+jets (vV-A)
15 - fiss I+jets (V+A)
[ background
10;
-1 0.5 0 0.5 1

nefh*
PRD 72, 011104 (2005)

All consistent with the SM

John Womersley




@ Ruthegrd hpl&mgomtoq B I i n d An a Iys is

60000
« Example: . Jiy (/L= 200 pb-1)
the rare decay of B, and B, — ptu- 50000;_ / _
>~ 40000F- Mass of muon pairs
* In the Standard Model, 2 -
cancellations lead to a very small & 3o000F ¢ v Y (1S, 2§, 38)
decay probability % an - \
— 3 x 1?'9 and 1010 ° 10000_ %ignal region
* New particles (e.g. SUSY)
contribute additional ways for this 0 6 8 10 12
to happen, increase probability invariant ()L jt) Mass [GeV]
6 Expected SM signal*107®
— upto10 )
N 3 :
S | CDF Preliminary 364 pb “blind analysis”: hide the signal region
2 B, g oI _ 5 CMUCMU
& gL
8 g S « Optimize cuts on side bands in mass
5 | g «  Open box - is there a signal?
| — > <F < SR — In fact find no events
— Set limits
— Constrain SUSY models
0

48 5 52 54 56 5.8
M,, / GeV/c®
John Womersley



@ CLRC A few words on Systematic Errors

Rutherford Appleton Laboratory
 Estimating systematic errors is not an exact science

* Need to be honest — not over conservative, not over aggressive

— Sometimes there’s a tendency to overestimate errrors to “cover our
butts” for things we forgot

— Remember, theorists are liable to add your systematic error in
quadrature with the statistics, input it into a %2 fit and expect y2/DF ~1

* assumes *1c,,, is a 68% confidence interval

— While we often tend to think of the systematic error as more like a 95%
(or 100%) interval

+ e.g. “How far off could we be?”

* Need to be clear what we did and how we estimated the numbers we quote

John Womersley
I ——————————————



CDF note 8375

CCLRC Example: top mass

Rutherford Appleton Laboratory

\\

Possible Variation with E; or n
(change by t1c)

Source of systematic uncertainty | Magnitude (Ge\/c”) . . o
Rosidual TS 012 :// How different from light quarks”

b-JES 0.60 — PYTHIA vs. HERWIG

Generator 0.19 |

ISR 0.72 * — Vary parameters in generator

FSR 0.76 | P | g_ .
b-tag Er dependence 0.3] < Change by 1o in estimated efficiency
gﬁfgmund composition Bilz T Change backgrounds by estimated
Monte Carlo statistics 0.04 — undertainties and vary model of W+jets
Lepton pr scale factor 0.22 ™ Divide sample

Multiple Interactions 0.05 :\\\

Total 1.36 Shift lepton p; by £1%

Room for MC not to model properly

 Be prepared for a significant amount of work!
Each line in this table is essentially a re-analysis of the top mass

John Womersley




Ruthegrd Appl&mgoratory C o n C I u s i O n s

\&%

 The only way to learn physics analysis is by doing it.

 To your great good fortune, you (as students and postdocs) have the
opportunity to carry out cutting edge analysis at forefront facilities — as a
routine part of your careers.

— Seize this opportunity and enjoy it!

John Womersley
I ——————————————
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